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ABSTRACT 

DERIVATION OF 'SUBJECTIVE VELOCITY' FROM ANGULAR- 
DISPLACEMENT ESTIMATES MADE DURING PROLONGED 

ANGULAR ACCELERATIONS:   ADAPTATION EFFECTS 

OBJECT 

To ascertain the intensity of the subjective vestibular reaction 
throughout prolonged angular accelerations of various magmt'.ides. 

SUMMARY AND CONCLUSIONS 

Subjective velocity,   as measured,   first rises and then declines 
during the course of a constant angular acceleration.    Within the range 
of stimuli applied,   'rise' time to maximum subjective velocity appears 
to be constant regardless of the magnitude of the stimulus.    The maxi- 
mum attained and the rate of change of subjective velocity up to its maxi- 
mum during a prolonged constant angular acceleration are directly re- 
lated to the magnitude of the angular acceleration.    These characteristics 
of the subjective reaction are fairly well predicted by Van Epmond's 
'torsion-pendulum theory',   however a pronounced decline in subjective 
velocity which occurs after approximately 30 sec of  a   prolonged constant 
angular acceleration cannot be accounted for by the theory.    This decline 
indicates the presence of an adaptation effect in the vestibular system. 

RECOMMENDATIONS 

Further experimentation to improve the method of estimating the 
intensity of the subjective vestibular reaction,   utilization of the method 
to study the carry over of adaptation effects from one stimulus to the 
next,   utilization of the method to study individuals with clinically diag- 
nosed malfunction of the vestibular system and utilization of the method 
to study the effects of motion sickness preventive drugs on vestibular 
sensitivity are recommended. 

* 
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acmvATioN or 'SUBJECTIVE vErocirr FKOM ASGVLAB- 
DISPLACEMENT ESTIMATES MADE ÜÜKING PRCLONGED 

ANGÜLAJI ACCELERATIC^MS:    ADAPTATION EFFECTS 

I.      INTRODUCTION 

Although previous experiments have suggested the presence of ad- 
aptation in the vestibular system (I,  6,   9,   10,   13,   18),   the onlv de- 
scriptions of the development and recovery of apparent adaptation effects 
in the subjective vestibular reaction are based upon studies of the changes 
in duration  of the vestibular reaction under various stimulus conditions 
(9,   10).    To obtain a better estimate of the magnitude of these effects 
than that which can be provided by studying the time characteristics of 
the reaction,   it is desirable to have an estimate of the inteiviity of the 
reaction,  throughout its course. 

The subjective experience accompanying vestibular stimulation by 
angular acceleration has magnitude and direction.    For example,  a 
blindfolded person at the center of a turn-table, during a low-magnitude, 
constant,  angular acceleration,   feels,  after a short latency,  that he is 
rotating.    As the acceleration continues (within certain time limits) he 
feels that he is rotating "faster. H   After the stimulus terminates, his 
rate of apparent rotation becomes progressively lower until it reaches 
zero magnitude.    If the stimulus is stronger (higher magnitude angular 
acceleration),  the experienced rate of rotation attained is greater per 
unit time,  within limits.    If the direction of the acceleration is reversed, 
the direction of the experienced rotation ia reversed.    Hence, the sub- 
jective experience has both magnitude and direction,  and therefore the 
vector notation,   velocity,  is appropriate.    Since the velocity refers to 
rotatory motion about a fixed axis,  without the translation implied by 
linear velocity,  the terms - subjective angular velocity - seem appropri- 
ate.    However,  as a matter of convenience,  this will be shortened to - 
subjective velocity. 

In certain sections of this report,  magnitudes are averaged without 
regard to direction.    Whenever this is done, the scalar notation,  sub- 
jective speed,  is used. 

There are a number of possible methods of estinnating subjective ve- 
locity(l, 7).   Oneofthese, suggestedby Hood (3), is particularly interesting 
because it incorporates atechnique analogous to that of the Bekesy Audiometer 
test for hearing.    A visual target is given a velocity relative to the subject 
which fluctuates in magnitude about some base velocity.    The direction and 



Imimwf " mmmmm mitfc« liffct «r# #pp««<rd fl|, ami »# tfcai tfc« p««k v#l©etfi«ii »f 
t1!« flact-tt«t*itf **r«»l wutlon*'j««t«jic#»d» lh# opp»fiiif v«I»eitf oltfe« "i»^«©- 
ry motion. "   r%f»pre»tim«bif produce»i •#nei of bn^f "re«l movement«" 
opposite tn direction lo the cancelled "illytocy motion" (the latter being part 
of the vestibular reaction).   A« the "iilusory rr.otion"decline», tht- base ve- 
locity of the suoject-controlled " real motion" would supposedly decline in a 
like manner.   Although this method mavbe quite valuable for the estimation 
of subjective velocity, the method itself and the results it yields have not yet 
been described in sufficientdetail for a comparative evaluation. 

A method which is somewhat similar was tried in this laboratory. 
The subject,   rotated in a dark room,   was asked to move a visual target 
through an arc to exactly compensate for his experience of apparent 
bodily rotation,   in other words,   to keep the angular displacement of the 
light fixed with respect to the outside world (which he could not see). 
At the limit of the excursion,   which was arbitrarily set at 90°the subject 
rapidly returned the light to center and then recommenced the slow com- 
pensatory tracking.    Hence,   a kind of manual nystagmus with counterparts 
of the slow and fast phases of vestibular ocular nystagmus was set up. 
This method gave results very similar to the results obtained by the 
method eventually chosen in the present study,  but a few subjects showed 
pronounced habituation effects with this method.    In view of evidence in- 
dicating that habituation is influenced by an interaction between the visual 
and vestibular systems (2,   8) this method,   which forces a voluntary, 
visual pursuit during the normal period of vestibular nystagmus,  was 
discarded,   for the present study at least. 

The method selected to estimate subjective velocity in the present 
experiment is based upon subjective estimates of angular displacement, 
a method previously used by Groen and Jongkees (7) and Bekesy (1). 
The subject's task is to signal each time he feels that he has rotated 
through a given angle.    Time between any two adjacent signals should 
then be inversely proportional to the average subjective velocity within 
the interval if the subjective velocity or the rate of change of subjective 
velocity is approximately constant.    With the assumption that a subject 
can maintain a fairly constant concept of an angular displacement such 
as 45°,   90°,   180°, or 360°,   subjective angular velocity may be plotted 
with respect to time throughout the course of the reaction. 

The principal objective of the present study is  1) to provide a de- 
scription of the change in the intensity of the subjective reaction,   i. e. , 
the magnitude of the subjective velocity, during periods  of prolonged, 
constant angular accelerations which are varied in magnitude from one 



r«►•!***«•«► «I#clin# during th* c»ar»# of a condt*fit-m*fnif«.*d# «iimutys. 

II.     DESCRIPriON OF EXPEHMEST 

The rotation apparatus and enclosure have been described in detail 
in previous reports (II).     The subject was positioned with his head at 
the center of rotation facing a small tri-dimensional target light (5) 
located at a distance of 1 meter at eye level.     The faint target light, 
which did not  make the room walls visible,   was used principally to fa- 
cilitate the subject's job of reporting apparent rotation effects. 

Subjects were instructed to concentrate on the apparent rotation of 
the light and to signal the direction of apparent rotation as soon as it 
commenced and to signal thereafter each time they had apparently rota- 
ted through 45°. 

Each subject received a practice session which began by rotating 
the subject slowly (6deg/sec) in full-room illumination to reveal black, 
vertical stripes marking off 45° arcs on the circular wall of the enclosure. 
The subject was told that the room lights would be off during the "^peri- 
ment and that he would be required to signal each time a 45° arc was 
apparently traversed,   i. e. ,   each time he imagined himself passing one 
of the 45° markers.    Subjects were further instructed to concentrate 
particularly on the apparent rotation of the target light and to ignore,   if 
possible,   other cues to speed such as noise and slight,   but present, 
vibratory cues.    It is to be emphasized that these extraneous cues did 
not provide information regarding the direction of rotation but could be 
used as clues to angular speed.     That the subjects were not entirely suc- 
cessful in ignoring these extra cues will be clearly demonstrated in the 
results section.    However,  the experiment was designed to provide an 
indication of the magnitude of the influence of these extraneous cues. 

Following the instruction trial with full-room illumination,   four 
practice trials were administered under regular experimental conditions, 
i. e. ,   with the room in darkness except for the target light,  to ascertain 
whether the subject considered himself capable of following instructions. 
During these practice trials it was also necessary to determine whether 
or not the 45° arc was convenient from the  subject's point of view. 
Previous investigation (1,   7) and our own pilot studies had indicated that 
individual differences in subjective velocity might necessitate the use of 
a greater subjective displacement between signals; e.g. ,  where subjective 
velocity is so high that the subject is required to signal 45° displacements 
too rapidly to make,  what he considers,   a reasonable estimate of 45°,   it 
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<• <tettr4l>l# to thsmg* tö a 99** #f lid® dfttp'Acvrfi*«!.    Mew» of lib« -t«i' 
|«Cti &l the pr«f«nl #«f##f Jirürnl  irdu. Jl#«l IhAl tll#f l#lt »••rf««*d bf tit« 

45e jiKfimeiitt within lh# r*ni# of «ngai*r «cc«i*r*!iOiit at#d *« tlii« tfiMly, 

An indication of the «tirrulu» situation for the experimental trtat» 
is presented m Figure I.    Each experimental trial waf commenced by a 
brief (2 sec) acceleration to an angu»ar velocity of 6 deg, sec (bast* speed) 
which was maintained 30 sec beyond cessation of the primary subjective 
effect of this initial acceleration.    The base speed was used to provide 
optimum control of the acceleration of the turntable.    At the end of the 
30-sec "rest interval, " a prolonged constant angular acceleration of 
predetermined magnitude and duration was commenced.    When this ac- 
celeration terminated or when the subject signaled cessation of the primary 
effects of the acceleration (whichever occurred last),  a 60-8ec period of 
constant velocity was commenced. 

After the "rest period" at constant velocity, a constant angular de- 
celeration of the same magnitude and duration as the previous acceler- 
ation was commenced so that the subject was returned to base velocity. 
When the primary effects of this deceleration ceased, the turntable was 
stopped and the trial was considered ended. 

o 
o 

>0 

c 

Rots of chongs of ongulor vslocity. 

.5 099./ tsc* for 100 MC. 
l.Odsg./ tsc.2 for 100 stc. 
1.5 dtg./ ssc.2 for   70 MC 
2.0dsg./ ssc 2 for  55 ssc 

//  
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±± 

Primory sffsct + 30«sc.        Primory offset + 60 ssc. 

TIME 

Fig.   1.    Diagram showing the stimulus situation for a single experi- 
mental trial. 



magmtyci«* of th« proioi.ged Angular Acc«ier«lion And cor ret- 
pondtnn prolonged angulUir de^vScr Uson were used.    They were 0.5.   1.0. 
I.S,  «ml 2.Odeg/iec* mamiamed respectively 100.  100, 7<i *nd SS «ec. 
Each oi the 10 tubjecti received one trial at each •timulu» magnitude 
ia each of four experimental settiont held on separate days.    In additjon. 
there was a single warmup trial at the beginning of each experimental 
session.     The four practice trials described above were given one or 
two days before the first experimental session. 

The various stimulus magnitudes were presented in counterbalanced 
orders so that any mean response differences between magnitudes of 
stimuli would not be attributable to order effects.    Between the 1st and 
2nd trials and between the 3rd and 4th trials,   subjects were given a rest 
interval of at least one min at zero angular velocity with full-room illu- 
mination.    Between the 2nd and 3rd trials a similar rest interval of at 
least 3 min duration was given during which the subject was encouraged 
to leave the turntable. 

III.   RESULTS 

A.     Main Effects 

The overall results are represented in Figure 2 where suc- 
cessive points in each curve are respectively mean subjective speeds 
based on all experimental trials of all subjects within successive 5-sec 
intervals of the total period of application of a particular stimulus 
magnitude irrespective of whether the stimulus was an acceleration or 
a deceleration.     Hence,   each of the four curves represents the mean 
results for one of the magnitudes of the stimuli employed in the experi- 
ment. 

Figure 2   shows  clearly that there  are increases  in the  rate 
of change  of  subjective  speed and also  in the maximum  subjective 
speed attained with each  increase  in angular  acceleration.     It  is  also 
apparent in  Figure   2 that  subjective   speed reaches  a maximum  in 
approximately 30  sec,   after which  subjective  speed declines  even 
though the  angular   acceleration is  maintained constant.    In other 
words,   the  magnitude  of the maximum   subjective   speed  attained  is 
dependent  upon the  magnitude  of the   stimulus; the  length of time  re- 
quired to  reach the  maximum   subjective   speed during  a  constant- 
magnitude   stimulus   appears  constant  regardless  of the   stimulus magni- 
tude; a decline  in  response  magnitude  during  constant-magnitude   stimu- 
lus   is   present   with all  magnitudes   of the   stimulus   employed   in the 



30 40       50       60       70 
TIME IN SECONDS 

80       90 100 

Fig. 2. Subjective angular speed with respect time during each of four 
stimuli of different magnitudes. Dotted lines show reaction after constant 
magnitude stimulus terminates. Data for same magnitude accelerations 
and decelerations were averaged in this figure. 

experiment,   and time of onset of the  decline   appears  to  be constant 
regardless of the stimulus  magnitude. 

B.     Effects of Extraneous Stimuli 

Figure   3  presents   subjective   velocity plotted with  respect 
to  time   for  the  various  angular  accelerations  used in the  experiment, 
and  Figure  4  presents  the   same  information  for  the   various  angular 
decelerations.    (Figure  2  is   actually an average  of  Figures   3  and 4, 
i. e. ,   subjective  velocities  of corresponding  time  intervals  and  stimu- 
lus  magnitudes  in Figures   3  and 4  were  averaged to  obtain the  curves 
presented  in   Figure   2.)   Note   especially that the  times  taken to   reach 
the  maxima  and the  magnitudes  of the  maxima attained  are  greater 
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Fig.  3.    Subjective angular velocity with Tespect to time during each of 
four constant magnitude angular accelerations.    Dotted lines   show  re- 
actions after acceleration terminates. 

30r 

10       20      30 40      50      60      70 
TIME IN SECONDS 

80      90       100     HO 

Fig. 4. Subjective velocity with respect to time during each of four con- 
stant magnitude angular decelerations. Dotted lines show reaction after 
deceleration terminates. 



1 
for  *cc#l#r«faii«*ni  thMn i&r   lh#  i orretjpondsng deceleration».    (Com* 
P*re   Fif ur«a   I And 4 and   tee   Table I ) 

Th«ae difference«  in results between comparable   magnitude« 
of acceleration  and  deceleration  reflect the  influence  of the  extrane- 
ous cue«  mentioned  earlier.    That  is,   during  angular   acceleration 
the  subject  can  detect an  increase   in  speed by auditory  and  vibratory 
cues.    These   combine  with the  vestibular   information    to  produce  a 
higher subjective   velocity  than  would be   attained  from the   vestibular 
information alone.    Note,    however,   that  although  these   extraneous 
cues  continue  to  indicate  increasing   speed throughout the  period  of 
acceleration,   the   subjective   velocity in  each  case  reaches  a maxi- 
mum   and  then  declines  during   the  acceleration.     The  decline   in   sub- 
jective   velocity while  the  extraneous  cues  are  still  increasing   sug- 
gests  that  the   vestibular   information which  is  declining   (due  to   some 
adaptation-like  process)  is  the  primary basis  for  the   subject's  esti- 
mates of subjective velocity. 

TABLE  1 

RESPCNSE MAXIMA.  TIME REQUIRED TÜ ATTAIN ESTIMATED RESPONSE MAXIMA AND 

STANDARD DEVIATION OF RESPONSE MEASURES AT MAXIMA  FOR EACH MAGNITUDE 
ANGULAR ACCELERATION AND DECELERATION 

Stimulus  Magnitude* 0.5 1 0 1 5 2 0 

Stimulu«   Direction Accel     Decel Accel Oeoel Accel Decei Accel Decel 

Response  Max * * 9              7 20 17 2C 23 30 25 

SD Of  Response  at   Max" 5.0          4.8 8.8 8.3 12.8 9.3 10.7 10.0 

Time   to   Max Response**• 25.0      18.0 27.5 22,5 32.0 22.5 27.5 22.5 

*de<3/sec/       •*deg/sec •••sec 

During deceleration,  the subject experiences apparent rotation 
opposite in direction to the actual rotation of the turntable.     For a period 
of approximately 20 sec,  the subjective velocity continues to increase 
even though the turntable velocity is actually decreasing.    This means 
th?t the extraneous auditory and vibratory cues,  which now indicate de- 
creasing speed while the subjective velocity is increasing,   are sufficient 
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p«rtm«nt.    H©w#r#r. tM Uttofmm* bmimmmm «c<»l»r*iio« «nrf tf*c«t«r- 
Alion in niAmmum •dbt^cttv« irvlortti«« *lf«tn#«i »«i Iä« dtrf«r«fic* in 
time« taken to r#«ch th#«« iMrima *r# *irr»oit certainly indicative ot 
the influence of th«fi# eirtr*neau« cwet. 

C.     Change in Rmte of Decline WhefyStirruiu» Terminateg 

A point of interest in Figure* 2,   1,  and 4 is the increased rate 
of decline of the subjective velocity after the stimu'us terminates (the 
dotted lines).    It will be recalled that the 1. 5 deg/sec2 stimulus and 
2. 0 deg/sec^   stimulus were maintained for 70 sec,   and 55 sec,   re- 
spectively.     The plotted points after termination of these two stimuli 
show an increased rate of decline in response and this corresponds 
temporally to a point in time when the cupula has theoretically com- 
menced its return to its "non-stimulating" position.    It can be seen that 
the response has already begun a decline,  apparently due to adaptation, 
during the stimulus and when the stimulus terminates,  the response 
begins dropping more sharply presumably due todecreased neural input 
resulting from decreased cupula displacement.    Each of the 0. 5 and 
1. 0 deg/sec^ stimuli were maintained for 100 sec.    The magnitude of 
response is too low at 100 sec in the case of the 0. 5 deg/sec^ stimulus 
to show a similar effect,  but the response to the 1. 0 deg/sec^ stimulus, 
although very low at 100 sec,   is sufficient to show the increased rate 
of decline after the   stimulus terminates.    Presumably if the 1. 5 and 
2. 0 deg/sec^ stimuli had been maintained for 100 sec, the decay curves 
for these stimuli from 55 sec to 100 sec would have been more similar 
to those obtained with the 0. 5 and 1. 0 deg/sec^ stimuli,  i. e. ,  would not 
have exhibited the sharp decline after 70 sec,  and 55 sec,   respectively. 

D.     Individual Differences 

Table 2 presents a comparison of two subjects who represent 
the upper and lower extremes of the group of 10 subjects in regard to 
magnitudes of subjective velocities with the various stimuli.    Note that 
the responses of subject HH for the 2. 0 deg/sec^ stimulus are approxi- 
mately the same as the responses of subjectPCfor the 0. 5deg/sec2 stimu- 
lus.    This,  as well as the standard deviations in Table  1, indicate that 
there   are considerable ov :rlaps in the distributions for each of the cor- 
responding points in the curves presented in Figure 2. 

However,   subject HH and subject PC considered independently 
of one another show clearcut differences in magnitudes of subjective 
velocity and rate of change of subjective velocity from  one   stimulus 



plotted lor an fab|«cti »nd for e«t h m«<mtudr of UM •timala« »howe«J 
1) that »ab|#ctive velocity in every CAM first intreaaed. then reached 
a maxtmurr» then decreased during eac h ■tirnalu«. and2)that rate of change 
of »ubjectivi? velocity and maxinium subjective velocity attained,  also 
in every case,   were greater when magnitude of the stimulus waF greatec 
i. e. ,  these aspects of the response were directly related to magnitude 
of the   stimuli.      The similarity  of the   form   of the curves   from   one 
subject to the next and the clear separations of the curves obtained from 
the different stimulus magnitudes with each subject indicated that the 
average curves presented in Figure 2 differ reliably from one another 
even though the standard deviations in Table 1  and the overlapping dis- 
tributions indicated in Table 2 would seem to call this into question. 
Whether these individual differences are attributable tc differences be- 
tween subjects in conceptualizing 45° or to differences in subjective 
velocity is open to question. 

TABLE  2 

SUBJECTS  HH AND PC WHO  YIELDED RESPECTTVELY THE  LOWER AND UPPER LIMITS  OF 
SUBJECTIVE  VELOCITIES  OBTAINED DURING EACH OF  THE STIMULT  OF 

DIFFERENT MAGNITUDES. 

Subject HH PC 

St im Mag deq/sec^ .3 1.0 1.5 2.0 1 .0 1.5 2.0 

Av. Subjective Veloci- 
ty   (deg/sec)   during 
interval: 

0 ■ 5 

5 • 10 

10 • 15 

15 ■ 20 

20  ■ 25 

25  ■ 30 

30 35 

35 • 40 

40 45 

45 -   50 

50 ■   55 

1.5 1.3 4.7 4.5 2.5 2.8 7.G 11.3 

5.8 5.0 7.3 10.1 9.7 13.9 20.5 24.2 

3.0 5.3 8.5 13.0 13.4 18.5 28.2 34.G 

z.e 5.8 12.3 15.5 14.7 22.8 30.7 37.8 

3.0 G.7 11.2 1G.5 14.1 2G.7 31.3 42.5 

3.6 G.8 13.8 15.G 14.4 28.8 34.0 42.5 

3.9 G.3 11.8 13 .G 14.3 30.0 38.0 45.3 

3.7 G.9 11.G 13.5 15.0 29.2 33.8 40.9 

3.5 6.5 9.0 11.7 13.0 24.8 30.2 39.4 

2.7 G.4 9.5 10.5 9.8 21.0 24.7 34.3 

2.9 5.4 7.8 9.4 8.G 15.8 24.7 30.9 

10 



RrpftHtvr «xpoture to ditcrele period» of prolonged rotation 
can prodiue attenuated vettibuiar reaction».    AJthoaghtht» wa» not a 
primary point of investigation la the present experiment,  the effects of 
repetitive stimulation can be ascertained by comparing the first and the 
fourth sessions of the experiment.    Clear differences in results between 
these two sessions,   typified by the data for the Ideg/sec" stimulus pre- 
sented in Figure 5,   were obtained with each magnitude of stimulus em- 
ployed.    Without question,   there were carry-over effects from day to 
day which resulted in the reduction of the magnitude of subjective ve- 
locity as the experiment progressed. 

Fortunately,   these effects did not obscure the effects of primary 
interest in the experiment.    As Figure 5 shows,  the rise and fall of sub- 
jective velocity were equally apparent during a constant-magnitude stimu- 
lus in the first and fourth sessions,  although the subjective velocities 
are uniformly attenuated in the fourth session. 

30r- 
O ©FIRST   SESSION 
 «FOURTH  SESSION 

20 40       50      60       70 
TIME IN SECONDS 

80 IK) 

Fig. 5. Subjective angular speed with respect to time during the 
1.0 deg/sec2 stimulus. Results of first and fourth sessions compared. 

IV.   DISCUSSION 

The variations of subjective velocity with respect to time,  during 
constant angular acceleration,  have a number of properties of theoretic- 
al significance.    Some of these properties,   and their possible dependence 
upon psychophysical method,   are discussed below. 

11 



• ••«flftfrti*»« hm* h**n m*«fr fr«^Lt#rttly   4.   7.   tl.   15) ttlAt in« 
t*(i«lly »f !»»• *#ilti»ul*r r«Action •»• direct,* proportional to angular dta- 
piac#m«nl of ihm cupula and that cupuia angular displacement.   ■.  it ap- 
prc«imate{y dvtcrtbrd by: 

. . a (1 • • •,,' (I) 

where  i  is the magnitude of the stimulus (constant angular acceleration), 
( is the stimulus duration,  and r is a cunstmt estimated to be approxi- 

mately 0. 1 by Van Egmond e£al (4). 

A.     Time Constant of Equation (1) 

With a value of r = 0. I,  the time constant of equation (1),   l/r , 
is approximately 10 sec.    This means,  among other things,  that 93.6% 
of maximum cupuia displacement for a given magnitude a should be 
reached in 27. 5 sec and that the 63. 2% of maximum should be reached 
in 10 sec and further that these respective times to 0.936 max and to 
0. 632 max should be independent of the magnitude of the acceleration. 
If response intensity (subjective velocity in this case) is directly pro- 
portional to magr^tude of the angular displacement of the cupuia,  these 
same predictions should hold for subjective velocity. 

Figure 2 shows that the time elapsed to the point of maximum 
subjective velocity is in fact roughly constant from one magnitude of 
acceleration to the next,  and that these maxima are attained between 
25 and 30 sec,  i. e. ,  at about 27. 5 sec. 

The time constant,   l/r ,  can be estimated for each a from their 
respective curves in Figure 2 by finding the values of t which corres- 
pond to subjective velocities equal to 63.2% of their respective maxima. 
Assuming that the subjective velocity attained at 27. 5 sec is 93. 6%of the 
maximum which would have been attained without adaptation effects, ad- 
justed maxima can be estimated by dividing the observed maxima by 
.936.    Table 3 presents values of l/r estimated from the observed 
maxima and from the adjusted maxima. 

The values of l/r  are less than the value of 10 estimated by 
Van Egmond (4).    This means that at 10 sec of acceleration,  the sub- 
jective velocity for each magnitude of acceleration employed is greater 
than 63.2% of even the  adjusted maximum.     In  view of the  abundant 
evidence  (1,   6,   9,    10,   13,    17,    18),   that  the  vestibular   response  is 
diminished by adaptation effects and that these effects become more 
pronounced with more prolonged stimuli (9,   10),  the magnitude of the 
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observed vestibular reaction is probably much more attenuated by ad- 
aptation at 27. 5 sec than at 10 sec. 

Hence,  the present procedure,   which was specifically designed to 
yield adaptation effects by use of prolonged,   constant stimuli,  should 
not be expected to provide estimates of 1 A-   uncontaminated by adaptation. 
It is even likely that Van Egmond's procedure for estimating this con- 
stant from subjective reactions involved some reaction attenuation due 
to adaptation. For example,  any acceleration,   sufficient to produce a 
marked cupula deflection,  which is not followed by deceleration to ef- 
fect a recovery,  is sufficient to maintain the activity of the vestibular 
system an abnormally long time by virtue of the slow return of the cupula 
to its resting position by its own elasticity.   Therefore, the duration of 
the more prolonged reactions in cupulograms are probably shortened by 
adaptation effects (9, 10)whichwould reduce the slope of the cupulogram 
(3,  7,  20).    This would have lowered Van Egmond's estimates of l/r,a 
possibility which is recognized by these authors (personal communication 
with Groen). 

Lowenstein (16,   17) has found in elasmobranch that increasing 
the intensity of stimulation (galvanic or rotational stimulus) of the ampul- 
lar mechanism "brings in one after the other previously silent units of 
higher threshold. "   These units often adapt themselves rather rapidly, 
and fire over a limited range of stimulus intensity only.    At rest,  i.e. , 
without stimulation,  other elements fire spontaneously and these are 
"delicately poised to react to the slightest cupula movement by a change 
in the rate of an already existing discharge activity." Lowenstein assumes 
that these sensitive elements,   since they are spontaneously active,   are 
either nonadapting or very slowly adapting.    A gradient of susceptibility 
to adaptation v/ith elements which are successively recruited as the cupula 
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st d*/i#ci»d Hm§ i»tit»r#»iin§ tmpiiratton«.    For «»»/ntpl«.  4H»um# that 
*■# h**# a number ol group« of #|«m»nlii.   A,  B.  and C which «re re- 
cruited In the order li«ted with incre««ing cupul« deflection.    With « 
constant angular acceleratio* which only gradually activates Group C 
(as when the cupula is approaching its asymptote for a given »). by the 
time Group C is activated    Group B may be adapted,  and the proportion- 
ality between total neural activity and cupula deflection would be altered. 
On the other hand,  a briefer but stronger stimulus which activates all 
three groups of elements rapidly should produce 1) a stronger reaction 
with the same cupula deflection and 2) total neural activity which more 
nearly maintains a constant proportionality to cupula deflection. 

Such an explanation could account for the low values of 1/r esti- 
mated from the present results and would further predict that higher- 
magnitude stimuli maintained for 30 sec or longer should yield a lowered 
ratio of maximum subjective velocity to magnitude of acceleration.   The 
present results are suggestive of the lowering of this ratio with the 
2 deg/sec    stimulus (Fig.  6)but a considerable extension of the range of ac- 
celerations used would be necessary to test this notion, particularly in view 
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Fig. 6. Maximum subjective speeds attained with different stimulus 
magnitudes. Data were averaged over acceleration and deceleration for 
each stimulus magnitude. 
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of thretfconatderattons:   l)tfc#pr«»ent datado »ot furnieh« 
eftabhsh the downward trend of this ratio, 2) a 2 deg/tec^ •ttmulua «im- 
plied indefinitely probably produce« a maxtmum cupuladeflection which 
is only a small percentage of the possible capula deflection with stronger 
stimuli; 3) it is possible that the method employed restricted the maximum 
subjective velocities obtained.   An experiment in progress involving higher 
angular accelerations, and including an investigation of the influence of the 
size of :he angle estimated on subjectivt. velocity should help clarify these 
issues. 

B.     Decline in Subjective Velocity During Constant AngularAcceleration 

Although the assumed relationship between equation (1),   cupula 
position,   and subjective velocity is called into question by the previous 
section,   the decline in subjective velocity during constant angular ac- 
celeration apparent where  t > 27. 5 sec demonstrates clearly that at least 
beyond this time limit, equation (1) is an indequate basis for prediction 
of subjective velocity.    According to equation (1),   subjective velocity 
should approach its maximum asymotically and should not decline during 
a constant angular acceleration.    That this rise-and-fall phenomenon is 
not merely an artifact of the technique of angle estimation used herein 
is indicated by the following: 

1. A number of subjects in this and previous experiments oc- 
casionally indicated that the primary subjective reaction terminated 
during the stimulus.    These and other subjects were questioned and all 
of their descriptions leave little doubt as to   the rise and fall of subjective 
velocity during constant angular acceleration. 

2. A series of experiments (9,   10),  utilizing response duration 
as a dependent variable led to the conclusion that the magnitude of the primary 
subjective reaction must decline during a very prolonged, constant stimulus. 

3. Inpreliminary experiments, another estimation technique was 
tried, namely requiring the subject to continuously estimate his angular vel- 
ocity as being greater than, equal to, or less than the immediately preceding 
angular velocity.   The subject manipulated a small circular dial suchthat 
its angular displacement from an arbitrary zero position was, for the re- 
spective judgments just mentioned, increased, held constant, or decreased. 
This method gave curve s during and after constant, angular accelerations 
which were surprisingly similar inform to those shown in Figure 2.   This 
method has the advantage of eliminating as sumptions about the subject1 s 
ability to estimate angular displacements or to maintain a constant concept 
of subjective angular displacement.    Unfortunately,  the method does not 
provide estimation of the magnitude of subjective velocity at any point 
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citrvvt, tJi««i»ittlJir*4i«^lJMe#m«nf#«ttfii«ti«nl«clw«^»#«r»«€&©••«. Mow- 
• v*f. fh» -r i»« and ItfP of «ub^ctlv« .-*lov it y during a constant sitmalu* >• 
cl«*rlyd#mon»tr4tedby this alternative method. 

The fact that fubjective velocity declines during a constant, angular 
acceleration clearly indicates the intrusion of a process which complicates 
the theoretical relationship between cupula   displacement and subjective 
velocity.    A mechanism such as that suggested above probably could and 
certainly should also explain this aspect of the results, i. e., later recruited 
elements drop out quickly due to rapid adaptation, early recruited elements 
also eventually drop out because they are maintained in heightened activity 
longer. 

If the apparent adaptation effects encountered in the present results 
are attributable to reduced neural output from the end-organ, as the expla- 
nation based upon Lowenstein's work (16,   17) would suggest, thenitwould 
seem that the ocular nystagmic reaction should demonstrate similar changes 
during prolonged reactions.   There is evidence indicating that these two 
aspects of the vestibular reaction may vary independently where the reaction 
is prolonged.   Hulk, Green, and Jongkees( 15) have indicated that as stimulus 
strength increases to produce more prolonged after -reactions, the nystagmic 
after-reaction outlasts the subjective after-reaction.   Some of the results 
obtained by Hauty (14) suggest, although his data are not completely con- 
sistent on this point, that the velocity of ocular nystagmus (slow phase)during 
constant angular accelerations increases for periods greater than the periods 
of increasing subjective velocity found herein,   with the   same magnitude 
stimuli. 1 If the nystagmic reaction does outlast the subjective reaction during 

*In contrast with Van Egmond et al (4) Hauty (14) did not find a systematic 
change in duration of the primary nystagmic after-reaction with graded 
stimuli.    Graybiel and Hupp (5) found a systematic change in duration 
with graded stimuli, but the nystagmic reaction was not longer than the 
subjective reaction with stronger stimuli.    Guedry,  Peacock, and Cramer 
(12) found a longer nystagmic than subjective after-re action with a stimu- 
lus which would produce a prolonged reaction.    The common thread which 
seems to account for these apparent conflicts is visual-vestibular inter- 
action.    In Hauty's study and in the Guedry,   Peacock,  and Cramer study, 
nystagmus was recorded in complete darkness.    In Van Egmond's studies, 
nystagmus was observed through Frenssl lenses so that possibilities for 
visual fixation were reduced or eliminated.    In the Graybiel study, subjects 
observed a target light and reported the termination of its apparent 
motion while nystagmus was recorded.    It may be that a reliable  system- 
atic relationbetween prolonged nystagmus after-reactions and stimulus 
magnitude is dependent upon visual feedback. 
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i } OcMtt vestt&ulAriy trttf laird ny»l«f mu» hsv* It* own p#r|»«t<uMltins «»»c hjg- 
ni§mt   inlh«*4>««nc«o/r«t«rciin^ v»»u^l *nd v«.»l$baJ*r ininal». which t«nd« 
tomaintAin its velocity beyond thr point where peripheral, neural mpyt hat 
already commenced todeclme; or 2) is the «ubiective reaction teiecttvely 
attenuated by an additional, central, attenuating mechanism which doee not 
influence the nystagmic reaction ?   This point requires further experimental 
work for its eventual clarification. 

Although the nature and locus of the process involved is debata- 
ble,   one thing is apparent,   viz. ,  that the variation in subjective velocity 
with respect to time is not simply a linear function of cupula displace- 
ment with respect to time.    This relationship is complicated by an ad- 
aptation-like process.    The necessary and sufficient stimulus conditions 
for adaptation have not been established, but it is not unlikely that the 
magnitude and duration of cupula displacement and the cupula velocity 
are all relevant variables. 

C,     Other Characteristics of the Response 

A number of characteristics of subjective velocity, as measured 
have been discussed.   Some of the possible artifacts inherent in the method 
have been mentioned and it has not been established (and perhaps can never 
be established) that subjective velocity, as measured, represents with any 
known degree of quantitative percision, the actual experience of the subject, 

However,  a number of considerations suggest,  at least, that 
the method used yields subjective velocities which may reflect sub- 
jective extserience with some fidelity: 

1.    The response varies during aprolonged stimulus about as 
would be expected from other methods of obtaining knowledge of sub- 
jective velocity.    This has been mentioned above. 

2.    Clear differences in the rate of change of subjective veloci- 
ty were obtained with different magnitude accelerations.    This is en- 
couraging to say the least.    Moreover,  for the first 30 sec of the stimulus, 
the response varies about as would be expected from theory of the cupula 
mechanism.    Deviations from precise expectations are possibly mani- 
festations of an adaptation-like effect known to exist from previous ex- 
periments.    The decline in subjective velocity after 30 sec of constant 
acceleration is,   with little doubt,  a manifestation of some such adapt- 
ation process. 
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I.    At * point in tint« wh*rr th# rmtpnMt** »•• AirvMly <f«>- 
caytng a^pjrentiy due to Adaptatton.  4icc«icrAti<»ft irrmmAtrd and thr »oti 
jective velocity immediately »howed an tncreated rate of decay.    (Sub- 
ject* were not consciouniy aware,   from extraneou« cuei. that acceier- 
ation had terminated. )   Apparently the method is fairly sensitive to 
changes in subjective velocity. 

4.     For about the first 15 sec of the stimulus,  the rate of 
change of subjective velocity corresponds fairly well with the rate of 
change of velocity of the turntable.    During this period,   the magnitude 
of subjective velocity would correspond fairly well with the magnitude 
of turntable velocity,   if the turntable acceleration had been initiated 
from zero velocity (rather than,   for example,   from 6 deg/sec in the 
case of acceleration and 120 deg/sec in the case of some of the deceler- 
ations).    Actually the subjective velocity as measured is slightly greater 
than the turntable velocity within the first 15 sec.    This discrepancy,   if 
it represents a true difference between subjective and turntable  velocity 
would have some functional value for accurate position responses,   i.e., 
the lag in the system,   response latency,  would be compensated by the 
heightened subjective velocity thereby giving a truer estimate of angular 
displacement. 

V.     SUMMARY AND CONCLUSIONS 

Indications from previous experiments that the vestibular subjective 
reaction is diminished by an adaptation-like process during the course of 
a prolonged angular acceleration emphasizes the importance of having 
an  estimate of the reaction throughout its course.    Methods for   esti- 
mating subjective velocity were discussed and the method selected is 
based upon subjective estimates of angular displacement. 

Subjective velocity,  a    measured,  first rises and then declines 
during the course of a constant angular acceleration.    It is unlikely that 
the decline is an artifact of the method of measurement. 

Rise time to maximum subjective velocity attained for a given stimu- 
lus appears to be constant regardless of the magnitude of the stimulus. 
Magnitude of the maximum subjective velocity attained and rate of change 
of subjective  velocity up to the maximum subjective velocity during a 
prolonged angular acceleration are directly related to the magnitude of 
the angular acceleration.    These characteristics of the response are 
fairly well predicted by Van Egmond's "tor sion-pendulum theory" and 
can be used to estimate values for the time constant of the predictive 
equation.    Such estimates agree fairly well with Van Egmond1 s original 
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• huh w#r« probably mor« «ffectiv« in the present procedure« than in 
those ueed by Van £gmond. 

Maximum subjective veiocity attained shouH be directly proportional 
to the magnitude of the stimulus and it appear» tnat the ratio,  maximum 
subjective velocity to acceleration-magnitude,  dec' nes with the higher 
magnitude accelerations.    That this may be attrib      ble to an artifact in 
the method of estimating subjective velocity is menuoned.    An equally 
likely possibility is that adaptation effects differentially affect the maxi- 
mum subjective velocities attained with different magnitude stimuli. 
This is based on the speculation that successively recruited groups of 
elements,  with increasing cupula deflection, are progressively more 
susceptible to adaptation.    Existing neurophysiological data support this 
notion. 

That adaptation effects can be a partial determiner of response magni- 
tude is clearly demonstrated by the decline in subjective velocity which 
commences during a constant magnitude stimulus after approximately 
30 sec of stimulation.     The possibility that a similar decline in the ve- 
locity of vestibular nystagmus will not occur after only 30 sec of con- 
stant angular acceleration with comparable magnitude stimuli is sug- 
gested by the work of other investigators.    Some of the theoretical im- 
plications of this possibility are considered. 

The data obtained indicate that the method of subjective angle esti- 
mation is a feasible method for estimating the magnitude of the subjective 
vestibular reaction. 

VI.     RE COMMENDATIONS 

The following recommendations are made:    1) Further studies de- 
signed to ascertain attenuation of subjective velocity attributable tc the 
method of subjective angle estimation.    2) Use of the method to ascertain 
the upper limits of the subjective velocity.    3) Use of the method to de- 
termine relative sensitivity of the vestibular apparatus when the head is 
in various positions of tilt with respect tQ the axis of rotation.    4) Use of 
the method to study the influence of drugs on the intensity of the vestibu- 
lar reaction.    5) Use of the method withpatients with vestibular disorders. 
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